We propose a novel single transmission-line readout method for wholebody time-of-flight positron emission tomography applications, without compromising on performance. The basic idea of the proposed multiplexing method is the addition of a specially prepared tag signal ahead of the scintillation pulse. The tag signal is a square pulse that encodes photon arrival time and channel information. The 2D position of a silicon photomultiplier (SiPM) array is encoded by the specific width and height of the tag signal. A summing amplifier merges the tag and scintillation signals of each channel, and the final output signal can be acquired with a one-channel digitizer. The feasibility and performance of the proposed method were evaluated using a 1:1 coupled detector consisting of 4 × 4 array of LGSO crystals and 16 channel SiPM. The sixteen 3 mm LGSO crystals were clearly separated in the crystal-positioning map with high reliability. The average energy resolution and coincidence resolving time were 11.31 ± 0.55% and 264.7 ± 10.7 ps, respectively. We also proved that the proposed method does not degrade timing performance with increasing multiplexing ratio. The two types of LGSO crystals (L 0.95 GSO and L 0.20 GSO) in phoswich detector were also clearly identified with the high-reliability using pulse shape discrimination,
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Introduction
Time-of-flight (TOF) information is required in modern whole-body positron emission tomography (PET) systems because it improves the signal-to-noise ratio (SNR) and reduces image artifacts (Conti 2010 , Conti et al 2013 , Lee and Kim 2014 , Surti 2015 , Ullah et al 2016 . The gain in the SNR can be estimated from the coincidence resolving time (CRT: the measurement accuracy of the photon arrival time of two annihilated gamma rays). To achieve good CRT, the PET detector should have high photon counting statistics, fast time response, and low noise. In this respect, the combination of novel fast and bright scintillation crystals and brand-new low noise silicon photomultipliers (SiPMs) is optimal to obtain accurate TOF information. The SiPM is a semiconductor photosensor with reasonably high photon detection efficiency, fast response time, and magnetic field insensitivity. The previous studies on SiPM highlighted its magnetic resonance imaging (MRI) compatibility for PET/MRI applications (Yamamoto et al 2012 , Yoon et al 2012 , Nishikido et al 2014 , Olcott et al 2015 , Kang et al 2015 , Wehner et al 2015 , Becker et al 2016 , Jung et al 2016 , Ko et al 2016a , 2016b and fast time response for TOF PET (Gundacker et al 2013 , Seifert et al 2013 , Schmall et al 2014 , Miller et al 2015 , Neill and Jackson 2015 . Moreover, the small size of the SiPM enables one-to-one (1:1) coupling of scintillators and photosensors which offers the best PET detector performance by minimizing the loss of optical photons from the scintillation crystals.
In the last few years, several studies have broken through the wall of 200 ps CRT by means of 1:1 coupling of an SiPM and a 20 mm-long crystal, the size relevant to clinical TOF PET (Cates et al 2015 , Nemallapudi et al 2015 , Seifert and Schaart 2015 , Cates and Levin 2016 . However, maintaining this good CRT at system level remains challenging because handling the many readout channels from multiple SiPM pixels without compromising performances is such a difficult task.
Although the individual readout of SiPM pixels using analog-to-digital converters (ADCs) would offer optimized energy resolution, CRT, and count rate performance, it is not a practical solution because of its high cost and large volume. Charge division multiplexing is an efficient method to reduce the number of readout channels, but results in poor CRT due to its increasing capacitance and accumulating dark current for a large number of SiPMs (Song et al 2010 , Downie et al 2013 , Ko et al 2013 , Liu et al 2014 . A time-based readout such as time-over-threshold (Powolny et al 2011 , Shimazoe et al 2012 , Grant and Levin 2014 ) is a possible solution to read out SiPM pixels individually at an affordable cost. This is because the signals can be read out by multi-channel time-to-digital converters implemented in a fieldprogrammable gate array instead of the high-cost ADCs (Traxler et al 2011 , Aguilar et al 2015 , Liu and Wang 2015 , Won et al 2015 . However, it lacks scintillation pulse information, which is crucial for acquiring accurate energy information and providing capability for depthof-interaction (DOI) encoding by pulse shape discrimination (PSD) (Schmand et al 1998 , Pepin et al 2004 , Roncali et al 2012 . The DOI encoding capability is another key technique for next-generation PET systems because it allows the improvement of both spatial and time resolution by reducing parallax error and compensating for the light transfer time difference in scintillation crystals (Ito et al 2011) .
In this paper, we propose a new signal multiplexing technique suitable for 1:1 coupled SiPM detectors. The proposed method requires only one channel digitizer to obtain information of the gamma-ray event including incident position, deposited energy, and arrival time. In this study, we have investigated whether the proposed method does not compromise CRT with increasing multiplexing ratio while it preserves the scintillation pulse information, offering the capability of simultaneous estimations of TOF and DOI information.
Materials and methods

Concept of pulse-tagging multiplexing (PTM)
The signal from the photosensor in the scintillation detector (scintillation signal) contains the information on the energy and arrival time of the incident gamma ray, but does not indicate where the photosensor is located. The basic idea of the proposed multiplexing method, PTM, is the addition of a specially prepared tag signal ahead of the scintillation signal ( figure 1(a) ). The tag signal is a square pulse with a specific width and height representing the position of firing SiPM in the sensor array. The arrival time of the photon is encoded in the rising edge of the tag signal. Using the tag signal that has a height of M steps and a width of N steps, each pixel of the M × N array SiPM matrix can be distinguished. Figure 1 (b) shows an example of tag signals for a 4 × 4 array.
Circuit implementation for 16 channel SiPM
We applied the PTM method to a 4 × 4 SiPM array composed of 3 × 3 mm 2 photosensitive pixels, with 50 µm microcells (3.2 mm pitch; S12642-0404PB-50; Hamamatsu Photonics KK, Japan). Figure 2 shows a schematic drawing of the PTM circuit implemented for the 16 channel SiPM.
The 16 cathodes of the SiPM were bound to the common line (common cathode signal) and magnified through a high-speed current feedback operational amplifier (AD8000; Analog Devices, USA) without signal shaping to generate the scintillation signal part. The individual anodes were passed through passive high pass filters with pole-zero cancellation and amplified. The high pass filter was adopted to filter out baseline fluctuations for improving the CRT (Gola et al 2013) . Digital trigger signals were generated from the amplified anode signals using leading edge discriminators operated with dual threshold. If the input signal exceeds the low threshold (Th low ), the leading edge discriminator generates logically high output signal that continues until the input signal falls below the high threshold (Th high ) (Grant and Levin 2014) . The Th low and Th high were set to 10 mV (~2% of 511 keV pulse peak) and 100 mV (~20%), respectively.
The position signals share a readout channel in this multiplexing scheme. Therefore, occurrences of two or more events at the same time can cause positioning errors. Thus, we added rejection circuits to the discriminators, which filter out the false triggering events such as dark count and optical cross talk between neighboring crystals. The rejection circuit was implemented using an inverter chain and AND gate (DSC in figure 2 ). For the 511 keV gamma ray event, which had enough pulse height, the discriminator generated an output signal that had long pulse width. Since the pulse width was longer than the inverter chain delay, the AND gate generated an output signal with shortened pulse width. On the contrary, the false triggering events generated square pulses that had a width shorter than the inverter chain delay, so these events were discarded in the AND gate. This rejection circuit made it possible to avoid a mispositioning situation and improved counting rate performance.
The filtered digital trigger signals were fed into tag width modulators (TWMs). Then the TWM output signals from the cells located on the same row were merged by an OR gate, and the output was fed into the tag height modulator (THM). The TWM (figure 2), consisting of an inverter (intrinsic delay = τ inv ), AND gate, resistor (R w ), and capacitor (C w ), adjusted pulse width as a function of RC delay (τ inv + αR w C w ). The THM (figure 2) was a simple voltage divider consisting of two resistors (R h1 and R h2 ), which adjusted pulse height as the ratio of their resistance (R h2 /(R h1 + R h2 )). Thus, the width and height of the tag signal were easily controlled by the capacitor (C w ) and resistor (R h2 ), respectively.
Finally, a summing amplifier merged the outputs of the THMs and the 50 ns-delayed common cathode signal to avoid interference between tag and scintillation signals. The final output signal can be read only with the one-channel digitizer and the gamma-ray interaction position and arrival time can be calculated from the tag signal part. Since the tag signal was individually generated in each SiPM channel, the timing performance was not degraded by the accumulating dark count and capacitance, which are inevitable in the traditional chargesharing multiplexing methods.
Determination of tag signal width and height
In order to distinguish the SiPM pixels in the 2D position map, the step of tag signal width and height should be set sufficiently larger than the spread of measured values in full-widthat-half-maximum (FWHM). Thus, we evaluated the mean and spread of the width and height of the measured tag signal for several different capacitor (C w ) and resistor (R h2 ) values of the TWM and THM circuits. For evaluation of the TWM, we fixed R w = R h1 = R h2 = 51 Ω, while the C w varied from 1 pF to 1000 pF. For the THM, we fixed C w to 100 pF and R w and R h1 to 51 Ω while the R h2 varied from 10 to 51 Ω.
The output tag signal was digitized by a high bandwidth digital oscilloscope (DSO9404A, 4 channels × 10 GS s −1 sampling speed, 4 GHz analog bandwidth, 8 bit amplitude resolution; Keysight Technologies, USA). In each condition, 2000-measured pulse samples were analyzed.
Based on the experimental result, R w = R h1 = 51 Ω, R h2 = 10, 12, 15, and 17 Ω, C w = 20, 40, 60, and 80 pF were used for TWM and THM. Using this setting, the PTM circuit encoded the four rows of the SiPM array with an amplitude of approximately 350, 400, 480, and 530 mV and the four columns with a width of approximately 3, 4, 5, and 6 ns, respectively.
Block detector configuration and experimental setup for PTM evaluation
The performance of PTM circuit was evaluated using a 4 × 4 L 0.95 GSO array (Lu 1.9 Gd 0.1 SiO 4 :Ce; 3 × 3 × 20 mm 3 , 3.2 mm pitch), whose pixel and pitch sizes are matched to those of the S12642-0404PB-50 SiPM. The surface of each crystal pixels was polished and wrapped in enhanced specular reflectors (3M, USA). Optical grease (BC-630, Oken, Japan) was used for coupling the SiPM and crystal array.
Coincidence data were acquired with a reference detector consisting of a single L 0.95 GSO crystal (3 × 3 × 20 mm 3 ) and an SiPM (S12642-0404PB-50) having a known single timing resolution of 163 ps, as shown in figure 3 . The signal from the reference detector was amplified (gain = 10 V/V) and fed into two second-stage amplifiers: a low gain amplifier (gain = 1) for energy channel and a high gain amplifier (gain = 5) for timing channel. The PTM and reference detector were placed 25 cm away from each other in a thermostatic chamber (20 °C) and irradiated by a 26.8 µCi 22 Na point source placed at the center of two detectors. Both SiPMs used for PTM and the reference detector were operated at 4.0 V above their breakdown voltage.
The performance of the PTM detector was also evaluated at different single count rates. Three different single count rates (10, 50, and 250 kcps) were yielded by changing the distance between the PTM detector and 2.1 mCi 68 Ge source. Meanwhile, a conventional multiplexing method that shares the anodes to generate energy, time, and position signal (called 'charge sharing' in this paper) was also evaluated. Figure 4 shows the schematic of the chargesharing detector used in this experiment. The energy and time information (S in figure 4) were obtained by summing every anode signal, and the X and Y position signals were defined by a weighted sum of the anode signals.
Data acquisition and analysis
The one channel output of PTM detector and the energy and timing channels of the reference detector were acquired using a digital oscilloscope with 10 GHz sampling speed (DSO9404A), which is the same device used in tag signal width and height evaluation (section 2.3). The tag signal width was calculated as the time difference between the rising and falling edges of tag signal determined at 50% reference level. The tag signal height was calculated as the average voltage of the tag signal. Based on the measured width and height of each tag signal, we composed a 2D map where the x axis is the tag signal width and the y axis is the tag signal height. As a figure-ofmerit of the pixel separation, distance to width ratio (DWR) was calculated .
The energy of the PTM detector was calculated by integration of the scintillation signal. The arrival times were calculated from the digitalized pulse after linear interpolation by a factor of 10 (i.e. 20 ps resolution). For the PTM detector, the arrival time was determined at the rising edge of the tag signal. The photon's arrival time at the reference detector was calculated using a digital leading edge discrimination method with 2% threshold from the timing channel signal after event-by-event baseline correction .
The coincidence time resolution between PTM and reference detectors was calculated by a Gaussian fitting on the time difference spectrum. The CRT of the PTM detector was then calculated by quadratically subtracting the single time resolution of the reference detector from the time resolution with reference detector and multiplying by √2. Only the events within a full-width-at-tenth-of-maximum of 511 keV energy peak were used for the CRT analysis.
Performance with increasing multiplexing ratio
The CRT of the PTM circuit was evaluated for 1:1, 2:1, 4:1, 8:1 and 16:1 multiplexing ratios. Single L 0.95 GSO crystal (3 × 3 × 20 mm 3 ) was coupled to the PTM circuit for this evaluation. The coincidence data were acquired using the same experimental setup and conditions used for block detector evaluation. For the comparison, the charge sharing method was also evaluated for the same multiplexing ratios.
Evaluation of phoswich detector
To show the feasibility of the DOI measurement using PSD, a stack of two LGSO crystals (1.5 × 1.5 × 7 mm 2 each) which have different levels of lutetium content was coupled with the center of the SiPM pixel. The L 0.2 GSO (Lu 0.4 Gd 1.6 SiO 4 :Ce, τ = 60 ns) crystal was attached to the SiPM pixels and the L 0.95 GSO (τ = 60 ns) was stacked on the L 0.2 GSO because L 0.95 GSO produces more light output. The detector was irradiated by 22 Na point source from the side of the detector as shown in figure 5 . The ratio of tail integration to head integration was calculated from the scintillation signal to distinguish the photon interaction layer. The integration ranges for head and tail integrations were carefully selected to minimize the identification error and they are shown in figure 6. Figure 6 shows a representative output pulse of the PTM detector at the center pixel sampled using the oscilloscope (tag signal width ~5 ns and tag signal height ~400 mV).
Results
Pulse property of PTM circuit
Both the tag signal width and height were increased as the C w and R h2 were increased as expected (figure 7). The average spreads of the measured width and height were 79.7 ± 3.7 ps and 8.1 ± 0.8 mV FWHM respectively, which are the minimum spacing of the width and height of the tag signal required to distinguish the adjacent pixel. The spread of the measured tag width was consistently independent of the component value, but the tag signal height slightly increased with increasing R h2 . However, the maximum spread within the measurement range was less than 9 mV when R h2 was 51 Ω. For the clear separation of each SiPM pixel, the spacing between adjacent pixels was set to at least 5 times that of the minimum spacing (1 ns for width and 50 mV for height, see section 2.3).
Block detector performance
The performance of block detector including crystal identification accuracy, energy resolution and time resolution was evaluated. The sixteen 3 mm crystals were clearly separated in the crystal-positioning map without overlap between adjacent crystals as shown in figure 8(a) . The average DWRs in the x and y-direction were 12.27 ± 2.84 and 7.36 ± 2.07, respectively. Figures 8(b) and (c) show the energy resolution and CRT distribution of PTM detector. The average energy resolution for 511 keV gamma-ray and CRT of the 16 scintillation crystals were 11.31 ± 0.55% and 264.7 ± 10.7 ps, respectively. Figure 9 shows the experimental results at different count rates. The increase of the single count rate in the PTM method had negligible effect on the quality of the crystal-positioning map because the position in the map was solely determined by the short tag signal (<6 ns in this study). However, the count rate increase had considerable effect on the crystal-positioning map of the charge sharing method because the map was composed by the ratio of the charge integration for a relatively long period (~150 ns), thus being more vulnerable to the pulse pile up problem. The energy resolution and CRT were degraded as the count rate increased for both PTM and charge sharing detectors because the probability of pulse pile up increases at high count rates. Nevertheless, both detectors maintained good performance levels even at a high counting rate of 250 kcps. Figure 10 shows the CRT as a function of multiplexing ratio. If the multiplexing ratio was less than or equal to 4, CRT of the PTM method was slightly degraded compared to charge sharing method. This is because of the additional timing jitter from the PTM circuit components such as the comparator, digital logic gates, and summing amplifier. If the multiplexing ratio was greater than 4, CRT of the charge sharing method would rapidly degrade by the accumulating dark current. In contrast, the PTM method kept constant CRT (~232 ps) even for a multiplexing ratio of 16:1.
Time resolution as a function of multiplexing ratio
The time resolution obtained in this study was better than that obtained from the 4 × 4 block detector (section 3.2) despite the same temperature and bias voltage, because the array suffered crosstalk between adjacent crystal pixels and imperfect matching between the crystals and the SiPM pixels (Yeom et al 2013a) .
All of the evaluations were performed at 20 °C, but several recent studies reported that there is little dependence of the CRT on the temperature (Yeom et al 2013b , Nemallapudi et al 2015 .
Feasibility of DOI measurement
The ratio of tail integration to head integration was calculated to distinguish two LGSO crystals.
The two types of LGSO crystals are clearly identified in the pulse shape spectra as shown in figure 11 . The peak-to-valley ratio was 8.4, thanks to the well preserved shape information in the scintillation pulse with the tagged signal. 
Discussion and conclusion
Several effective ways to reduce the number of readout channels in PET detectors have been suggested in previous studies. In these studies, the signals from multiple photosensors were directly or weighted summed to estimate photon interaction position. However, these methods are not suitable for fast response time particularly for large area SiPM arrays because the increase in multiplexing ratio leads to an increase in the accumulation of dark current and capacitance. In this study, we proposed a new multiplexing method and showed that this method does not degrade the timing performance as the multiplexing ratio is increased.
We evaluated the detector performance of the PTM and compared it with the conventional charge sharing method at different count rates. Because very short square pulses (<6 ns) were used for tagging, the count rate performance did not degrade significantly compared to the charge sharing method.
The CRT of the charge sharing method deteriorated with an increasing multiplexing ratio, while that of the PTM was kept almost constant. For the multiplexing ratio greater than 16, more rapid CRT deterioration is expected in charge sharing method due to the accumulation of more and more dark noise. However, the PTM method is likely to maintain timing performance for the larger array because the tag signals are generated individually.
Another advantage of the proposed method is that it required only one signal channel for acquiring a 2D photon interaction position, while most of the multiplexing methods require at least four signal channels for 2D mapping. A 4 × 4 crystal block was used for the proof-ofconcept detector in which the area was smaller than the block detector used in conventional whole body PET, but it can easily be extended to large area detectors. Experimental results reveal that there is more room for additional steps with regard to the tag signal width and height. Without the degradation of the crystal-positioning map, i.e. keeping the step size of the tag signal width and height, the 8 × 8 detector or even larger arrays can be read out using a single channel output. For example, 64 SiPMs in the 8 × 8 detector can be encoded with an amplitude of 250, 300, 350, 400, 450, 500, 550, and 600 mV and a width of 3, 4, 5, 6, 7, 8, 9 , and 10 ns. In this case, the crystal identifying performance would be similar to the 4 × 4 Figure 11 . Pulse shape analysis of phoswich detector consisting of L 0.95 GSO and L 0.20 GSO. detector used in this paper. However, since the sensitivity of the 8 × 8 detector increases by approximately four times, a better counting performance is required. Therefore, the detector performance of the 8 × 8 detector would be worse than that of the 4 × 4 detector at the high count rate.
The timing resolution results in this paper are promising (~230 ps for a single pixel), but there is still room for improvement. Recently, several studies have demonstrated the advance in CRT for PET detectors using novel scintillator and SiPM photosensors. Cates and Levin (2016) , for example, have reported exceptional CRT (~120 ps) in a single crystal bench top setup using a fast LGSO scintillator Lu 1.8 Gd 0.2 SiO 4 :Ce (0.025 mol% Ce concentration) that has similar light output with the standard LGSO used in this study but a 30% improved decay time. Nemallapudi et al (2015) have also reported 140 ps CRT using Ca co-doped LSO:Ce crystal which has improved scintillation properties than standard LSO:Ce (Weele et al 2015) . In these two studies, novel near ultraviolet high density (NUV-HD) SiPM of Fondazione Bruno Kessler (FBK) was used. This new analog SiPM has higher photon detection efficiency and lower dark count rate than the SiPM used in this paper, which allows a better CRT.
We also showed the feasibility of this method for a DOI detector using PSD. However, some limitations are worth noting; the detector configuration used in this study is not suitable for TOF applications because the L 0.2 GSO has low light output and slow decay time. Better configurations for TOF applications have been studied by several groups using a LaBr 3 /CeBr 3 pair (Schmall et al 2015) or an L 0.95 GSO-fast (0.025 mol% Ce)/L 0.95 GSO-slow (0.75 mol% Ce) pair (Yamamoto et al 2016) . Another possible approach is the use of a phosphor-coated single layer crystal to make the depth-dependent decay time different (Berg et al 2016) . Future work should therefore include a DOI detector using the fast and bright scintillator pair to construct the DOI-TOF block.
In this study, we evaluated the feasibility of the PTM method using the digital oscilloscope. However, the use of oscilloscope is not a practical way for the system implementation due to cost and space issues. One reasonable approach would be to use a switched capacitor array such as the domino ring sampler 4 (DRS4). The DRS4-based data acquisition system can digitize the waveform with 5 GSa s −1 horizontal resolution and 12 bit vertical resolution . Therefore, it can be extended to the system level using a DRS4-based digitizer with negligible performance degradation at a reasonable price.
In conclusion, the proposed multiplexing method allows decoding of the 3D interaction position of gamma rays in a scintillation detector with single line readout. Energy resolution, CRT, and pulse shape are well preserved showing promising TOF and DOI capability.
